Nigar, H.; García-Baños, B.; Penaranda-Foix, FL.; Catalá Civera, JM.; Mallada, R.; Santamaria, J. (2016). Amine-functionalized mesoporous silica: A material capable of CO2 adsorption and fast regeneration by microwave heating. AIChE Journal. 62 (2) The surface of ordered mesoporous (MCM-48) silica has been subjected to covalent grafting with silane molecules containing one to three amino groups. The dielectric properties of the materials were studied in detail, and the functionalized materials were used for CO 2 adsorption at room temperature, followed by regeneration under either conventional heating or microwave irradiation. It has been found that, as the intensity of functionalization with amino groups increases (from mono to tri-amino silanes) both the CO 2 load and the dielectric response at microwave frequencies increase. In particular, functionalization with a tri-amino silane derivative gave the highest CO 2 adsorption and the fastest microwave heating, resulting in a 4-fold acceleration of adsorbent regeneration. The grafted material was fully stable for at least 20 adsorption-regeneration cycles, making it an ideal candidate for microwaveswing adsorption (MWSA) processes.
well as the capture of CO 2 from ambient air its subsequent reutilization as part of a climate change mitigation strategy. 2 Apart from the more classical zeolites and activated carbons, in recent years metal organic frameworks (MOF), and a wide variety of amino-functionalized materials have shown exciting performance in terms of loading capacity and selectivity towards CO 2 adsorption. At a low CO 2 pressure of 0.1 kPa and 293 K the highest load around 6 mmol/g (26 %wt.) has been obtained with Mg-MOF74. 3 However, it is important to note that this material is hydrophilic and in the presence of water its capacity is strongly reduced, this behavior also observed for most zeolites. Appropriate functionalization of adsorbents (typically by amino groups) can also be used to increase the capacity and selectivity towards CO 2 adsorption. In the group of amine modified mesoporous silicas, the best results were reported by the group of Sayari et al. 4, 5 They synthesized a pore-expanded mesoporous silica (PE-MCM41) and modified it with a tri-amine silane agent. The CO 2 uptake at 0.1 bar and 298 K was 2.2 mmol/g (9.7 %wt.), comparable to that of a typical zeolite 13X. However, in this case the presence of water increased the CO 2 uptake increases (2.9 mmol/g) outperforming the zeolite.
At least as important as the capacity and selectivity of a sorbent towards CO 2 is the possibility of economic regeneration. Ideally, desorption processes would be fast (to produce a concentrated CO 2 stream) and would require a minimal amount of energy. In fact, energy costs often determine the viability of the entire process, 6 which has prompted an intense research into alternative methods of energy management. In the last two decades microwave (MW) irradiation, has emerged as a highly effective way to supply energy in several types of intensified processes 7 including those involving solid materials 8, 9 such as sintering and ceramic processing 10 , catalysis 11 and desorption 12 in the so called Microwave Swing Adsorption, MWSA process. The main advantage of MWSA relate to the fact that, unlike conventional heating where solids heat through conduction and convection, microwaves are able to provide energy to susceptible materials in a direct manner, and thus MWs can achieve the volumetric heating of adsorbent materials when they are capable of absorbing the microwave energy. Alternatively, the use of MWs may allow for direct transfer of the energy to the adsorbate without being absorbed by the adsorbent. 13 There is also the possibility of selective targeting of the surface itself or of its functional groups to promote microwave desorption processes. 6 Widely employed MW-heatable microporous sorbents include zeolites (or zeotypes) as polar sorbents, and activated carbon as non-polar sorbents. These two classes of materials are the only ones studied so far in MWSA, being the carbon family the most frequently used. Carbon materials are good microwave absorbers as a consequence of the interactions of the delocalized π-electrons with the MWs, thus converting MW energy into heat. 14, 15 In the case of zeolites, a different heating mechanism has been found [16] [17] [18] [19] related to the interaction of the electromagnetic field with, i) the water or polar molecules adsorbed in the pores, ii) the hydroxyl groups on the surface and iii) the cation movement in the structure.
The ability of a material to be heated in the presence of the MW field is defined by its dielectric loss tangent: tanδ=ε/ε'. In turn, the dielectric loss tangent is composed of two parameters, the dielectric constant (or real permittivity), ε', and the dielectric loss factor (or imaginary permittivity), ε''; i.e., ε=ε'−iε'', where ε is the complex permittivity. The dielectric constant (ε') determines the electric energy storage in the dielectric, while the dielectric loss factor (ε'') measures the dissipation of electric energy in form of heat within the material. 9 The measurement of dielectric properties in solids is a difficult task, since many parameters influence the dielectric properties, in particular the frequency, the humidity, the density of the solid bed and specially the temperature play an important role.
Catala-Civera et al. 20 reported that, the dynamic measurement of dielectric properties of materials simultaneously with the application of MW heating at high temperatures (>1000ºC). This report can also help to better understanding, the interactions that take place during MW heating in comparison with conventional heating techniques. Understanding the microwave heating behavior of materials may also lead us to the most effective way of transferring the energy directly to the processed materials. With proper understanding, many technically important materials can be heated in a more rapid, uniform, selective, lower cost and controlled form than is possible with conventional methods. 8 Heat-driven regeneration modes, such as Temperature Swing, TS, and
Temperature Swing Vacuum, TSV, are preferentially employed for the regeneration of amine-containing sorbents due to the chemical CO 2 -sorbent interactions. However with these procedures the main drawback is that under conventional heating the temperature rise of the solid is slow and rapid cycling cannot be implemented. 21 This problem could be solved using the volumetric and selective heating afforded by microwaves. In a previous work of our laboratory, we showed a reduction in desorption time of 75% using MW-heatable zeolites as sorbents of n-hexane. 19 On the other hand, the desorption of CO 2 by microwaves from zeotypes (zeolite X and ETS- 6 to an extent that would allow their multiple reuse.
In a previous work, we synthesized a mesoporous silica MCM-48 and established the optimal conditions for functionalization with a mono-amine group. 24 This material showed an excellent efficiency for CO 2 removal at low partial pressures (0.5 mmol CO 2 /mol N at 5 kPa), although sorbent regeneration by MW was not explored. In the present work, we have modified the same MCM-48 with silane agents containing one, two and three amino groups to increase the CO 2 uptake, and we have also investigated the effect of these functionalizations have on the MW absorption properties of the solid, for MWSA operation.
In addition to studying the adsorption of CO 2 on mesoporous silica functionalized with different amino groups, this study will cover two important aspects in the successful design CO 2 MWSA processes, i.e., i) the study of the dielectric properties of the materials and ii) the regeneration process itself when carried out under microwave irradiation with especial focus on the regeneration rates achieved. Understanding MW-heating behavior of materials ultimately involves correlating dielectric properties with surface chemistry. The study will include the comparison with conventional electrical heating and the study of the stability of the sorbents after several regeneration cycles under MW-heating. In spite of the considerable potential of MWSA processes for CO 2 management, these aspects have been scarcely studied. Teflon-lined stainless steel autoclaves and subjected to hydrothermal synthesis at 373 K in a preheated oven for 4 days. Then the solid product was filtered (medium flow rate disc filter, PRAT-DUMAS), washed with hot water and dried overnight. For the elimination of the surfactant, the solid product was calcined at 813 K with a heating rate of 1 K/min in air for 6 h. 24 
Amine functionalization
The mono-, di-, and tri-amine silane agents (see Figure 1b 
Adsorption-Desorption Experiments
Adsorption -Desorption experiments were performed in an experimental setup previously described 19 To have a direct and accurate comparison of the heating rates obtained with different degrees of amination slabs consisting of a mixture (2:1) of KBr (material transparent to MW radiation) and the specific adsorbent were prepared. The slabs were located within the waveguide in front of one of the sampling windows to allow direct measurement of the temperature of the surface using an infrared thermographic camera (range: 273-873 K, InfraTec, GmbH). A scheme is provided in Figure 7 .
Characterization techniques
X-ray diffraction analyses were carried out using a Philips X'Pert MPD diffractometer with CuKα radiation. The diffraction data were recorded in the 2θ range of 0.6-6.5° with a scanning rate of 5 s/step (step 2θ=0.02).
Nitrogen adsorption isotherms were measured at 77 K on Micromeritics TriStar 3000
analyzer. Non-functionalized MCM-48 samples were degassed under vacuum at 473 K for 8 h, and the mono-, di-and tri-amine functionalized MCM-48 samples were degassed at 383 K for 10 h. BET surface areas were calculated using the BET . Data evaluation was carried out by OPUS software from Bruker Optics.
Dielectric Properties
Dielectric properties (ε' and ε'') of the selected samples as a function of the temperature were measured in a microwave resonant cavity around the frequency of 2.45 GHz. 20 The methodology is based on the dynamic measurement of the Powders were placed in a cylindrical quartz vial (L=15 mm, Ø in =12 mm), manually compacted to obtain a constant bed density, and immersed inside the cavity in a N 2
atmosphere. The heating rate was adjusted to an standard rate of 10ºC/min.
Results and Discussion

Characterization of pristine mesoporous silica MCM-48
Thirteen different batches of MCM-48 were synthesized as described above and characterized by N 2 adsorption (as shown in Table 1 sample is presented in the bottom curve of Figure 3 . It shows the typical cubic structure (see Figure 1a) ) indexed in the space group Ia3d. The sharp and high diffraction peaks, indicate the formation of well-ordered mesoporous material. 
Characterization of mono-, di-, tri-amine functionalized MCM-48 sorbents
The above-described MCM-48 material was functionalized with different silane coupling agents, as schematized in Figure 1 . The silane agent is covalently bond to the hydroxyl groups in the silica support through alkyl-silyl linkages, see Figure 1b -c.
As a consequence, the textural properties of the functionalized samples are considerably different from the pristine MCM-48 material, as shown by the N 2 isotherms and pore size distributions presented in Figure 4a ,b (main characterization data are summarized in Table 1 ). MCM-48 shows a typical reversible type IV adsorption isotherm (Figure 4a ), which is characteristic of mesoporous materials.
With successive functionalization, the surface area and the pore volume are Kim et al. 28 reported that the case of M41S family materials, the peak intensity is a function of the scattering contrast between the silica walls and the pore channels, and this intensity decreases after grafting the organic groups to the pore surface.
Therefore, the decrease of the XRD peak intensity is probably due to the grafting the organic groups, rather than to a loss of structure. Similar changes have been reported with previous studies of functionalization of mesoporous silica. 24, 28 FTIR spectra of the samples are presented in Figure 5 . The peak at the 3743 cm 
28-30
Dielectric Properties and microwave heating
The dielectric constant (ε'), dielectric loss (ε'') and the loss tangent (tanδ) are presented in Figure 6 Figure 7b) . Again, the MCM-48-tri heated more intensely, reaching 413 K in 3 min, a temperature well above that required for the regeneration amino functionalized materials exposed to CO 2 , as will be shown below. Figure 8 shows CO 2 adsorption isotherms at 298 K for the different samples. As could be expected, for the same partial pressure the amount of CO 2 adsorbed increases as the density of amino groups increases. In the case of MCM-48-mono with an amine load of 1.77 mmol N/g a maximum CO 2 adsorption around 1 mmol CO 2 /g could be achieved, a value that agrees well with previous data on the same material. 24 In the case of MCM-48-di and tri, there a sharp increase in the isotherm can be observed at low partial pressure of CO 2 , corresponding to a Langmuir type I isotherm, indicating mmol CO 2 /mmol N at 5kPa of CO 2 was achieved, see Table 1 .
CO 2 adsorption
Chang et al. 29 reported that the reaction of CO 2 with amino groups under dry and humid conditions results in the formation of carbamates, giving a ratio of 0.5 mmol CO 2 /mmol N for -mono and -di and 0.66 mmol CO 2 /mmol N for -tri. This means that there is still considerable room for optimization of the grafting procedure in our samples that could lead to further increases in CO 2 loading.
Thermal and microwave regeneration of sorbents
The CO 2 desorption curves under conventional and microwave heating are presented in Figure 9 (a,b), together with the evolution of temperature and normalized occupancy (Figure 9c ) of the sorbent. The kinetic analysis 19 showed that, even though under conventional heating the highest available heating ramp was attempted (20K/min) desorption using microwave heating is approximately 4 times faster.
Again, it can be seen that the MCM-48-tri sample present the fastest heating (and fastest) regeneration of the three amino-functionalized samples. 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 31 With grafted molecules, the behavior is highly stable unless conditions are strong enough to break covalent bonds, giving covalently tethered amine adsorbents the potential to be subjected to repeated adsorption and desorption cycles 32 as shown in Figure 10 .
Conclusions
The dielectric characterization measurements show that the incorporation of amino groups on otherwise low-interaction supports such as silica, enables polarization by the electromagnetic field and strongly enhances response in the microwave frequency range. This result in direct heating of the surface of amino-grafted silica, accelerating temperatures rise and desorption of adsorbed species. The advantages for sorbent regeneration are substantial since energy is directly transferred to the solid in a highly efficient way, and also because the accelerated desorption facilitates the production of a highly concentrated exit stream.
The MWSA process using amino-functionalized materials seems especially apt for CO 2 capture systems. Increasing the concentration of amino groups (by grafting mono, di-and tri-amine molecules) simultaneously increases CO 2 adsorption at low ambient partial pressures and the response under MW heating at 2.45 GHz, leading to a fast (approximately 4 times faster than conventional heating under the conditions studied) regeneration. Furthermore, chemical grafting produces a stable material under MWSA conditions: no effect was observed on the adsorption capacity after 20 adsorption-regeneration cycles. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 • ChemDraw Proffesional v.15 was used for drawing the molecules.
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